Decoherence-assisted electron trapping in a quantum dot 
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We present a theoretical model for the dynamics of an electron that gets trapped by means of 
decoherence in the central quantum dot (QD) of a semiconductor nanowire (NW) made of five 
QDs, between 100 K and 300 K. The electron's dynamics is described by a master equation with a 
Hamiltonian based on the tight-binding model, taking into account electron-LO phonon interaction 
(ELOPI). Based on this configuration, the probability to trap an electron with no decoherence is 
almost 58%. In contrast, the probability to trap an electron with decoherence is 83% at 100 K, 74% 
at 200 K and 67% at 300 K. Our model provides a novel method of trapping an electron efficienctly 
at room temperature, which could be used as an electrically driven single photon source (SPS) 
operating in the wavelength range of A = 1.3 — 1.5 /im between 100 K and 300 K. 
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Introduction. The interaction between a quantum 
system and its environment is inevitable, leading to de- 
coherence p] , which is one of the main obstacles in fields 
such as quantum information processing f'2], quantum 
optics, when measuring optical Schrodinger cat states 
[3j, condensed matter physics, when looking for meso- 
scopic interference phenomena in quantum transport of 
electrons [4j |5J, etc. Since many interesting quantum 
phenomena are based on coherence, many solutions are 
proposed, and are currently in use, to suppress or over- 
come decoherence [6j, such as quantum error-correction 
codes [7j, error- avoiding codes [7], echo techniques 019], 
quantum feedback operations [3j, optimal control tech- 
nique [10], and many more. Other research groups are 
trying to fight decoherence through the knowledge of 
their spectral density, thinking this would be more op- 
erative [IT] . A rather opposite approach to this stream 
of research is found in quantum biology, where scientists 
are trying to take advantage of the decoherence in the 
quantum dynamics of excitons in order to find explana- 
tions for the high efficiency in solar energy harvesting 
in photosynthetic systems [12j [13] . Recent explanations 
include environment-assisted energy transfer in quantum 
networks, such as noise-assisted transport [T^] [T3 j and 
oscillation-enhanced transport [15] [T6]. 

The idea of an electrically driven SPS, based on 
Coulomb blockade, was first proposed by Yamamoto's 
group in 1994 [17J. Since then, many groups have 
managed to construct such sources [18— 21J , nevertheless, 
cryogenic temperatures are essential for the performance 
of such sources. Such sources, A = 1.3 — 1.5 /im, cannot 
operate above T = 70 K. In this letter, we propose a 
novel physical method that takes advantage of decoher- 
ence and results in an enhanced electron trapping proba- 
bility in the central QD at room temperature. This phys- 
ical phenomenon can be used as a prototype to build in 
the future an electrically driven SPS operating at room 
temperature. 
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Figure 1: (a) Schematic setup, (b) A magnified diagram for 
the intrinsic region made of five QDs of (from left to right) 1.8, 
1.6, 2.5, 1.6, 1.9 nm height, respectively, (c) A cross section 
view for the interface between QD #2 and barrier #3. (d) A 
cross section view for QD #3 (electron pocket), (e) A cross 
section view for the interface between QD #2 and barrier #4. 



Structure and mechanism. We consider the trans- 
port of a single electron in a NW with 37 nm in diameter 
and ~ 1.2 /im in length (see Fig. 1). The NW is divided 
into three regions. The first (third) region, 0.1 (1) /im 
in length, is made of GaAso.71Sbo.29 and is n(p)-doped 
with a concentration of 6.0 x 10 14 cm -3 . As for the second 
region, which is embedded between the n-doped and p- 
doped regions, it is made of five InAs QDs with different 
heights. However, this is not a typical p-i-n junction be- 
cause QD #5 is n-doped with 7.5 x 10 17 cm -3 . All doped 
regions as well as QD #5 are not degenerate semicon- 
ductors. Barrier #1 and #6 are made of Ino.12Gao.8sAs, 
while all the others are made of GaAs. A monolayer of 
PMMA, which has radius of 13 nm, is coating the region 
starting from the interface between QD #2 and barrier 
#3 to the interface of barrier #4 and QD #4. The outer 
layer, till the surface of the NW, is made of Ino.4Gao.6 As. 
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As a result of this concentric configuration, the central 
QD acts like an electron pocket that traps the electron. 
The semiconductor interface between the n(p)-doped re- 
gion and barrier #1 (#6) is recognized as the staggered 
gap (type II). As for the rest of the interfaces, mainly 
GaAs/InAs, they belong to the straddling gap (type I). 
In this work, we use the commonly accepted 60:40 rule for 
the interfaces. Based on all chosen materials and types of 
interfaces, the conduction band (CB) profile is shown in 
Fig. 2. All semiconductor materials have the same crys- 
tal structure and direct band gap. The NW is attached to 
a voltage source in a closed circuit. At the same time, the 
NW is coupled to a single-electron source (SES) [221 123]. 
When the voltage source is off and the configuration is at 
thermal equilibrium with its environment, the QDs' en- 
ergy levels are above the chemical potential of the whole 
configuration. In order to neutralize the built-in voltage 
and the resulting electric field inside the NW, first, the 
voltage source is turned on. The voltage is set when the 
built-in voltage and electric field are neutralized. Only 
at that point, the electrochemical potential of the QDs 
fall in the bias windows. Only then the SES is triggered 
to emit an electron and thus this electron can transport 
through the whole configuration. 
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Figure 2: (a) The CB, for radius R < 13 nm. (b) The CB, 
for R > 13 nm. The QDs' eigenstates are shown. The solid 
lines for the ground states \g, 0), while the dotted lines are for 
the excited states |e, 0). In addition, the sizes of the arrows 
indicate that the transition rate from the n(p)-doped to the 
ground states of QD #1 (#5) is 15 times faster than the 
transition rate to the excited states. 



Model. Given that the aforementioned configura- 
tion has almost zero electric field across it and elec- 
tron's eigenenergies are close to the conduction band- 
edge minima, 3-D time-independent Schrodinger equa- 
tion, in cylindrical coordinates, using the effective mass 
approximation is applied for each QD separately. For 
simplicity, an infinite confining potential in the radial 
direction is assumed. The eigenenergies and wavefunc- 
tions of QDs #1 and #5 are obtained systematically. As 
for QD #3, due to the relatively large band gap for the 
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Figure 3: The electron's time-dependent probability distri- 
bution among the five QDs in the ZERO-DECOHERENCE 



PMMA monolayer, it is assumed to be confined in in- 
finite potential but with different radius than QDs #1 
and #5. Whereas QDs #2 and #4 require an additional 
boundary condition due to the electron pocket i.e. the 
electron's energy has to be conserved irrespective of the 
interface with GaAs or Ino.4Gao.6As (see Fig. 1). The 
ground state of this configuration is defined as the state 
when there is no electron inside the QD heterostructure. 
The zero energy is set at the minimum of the conduction 
band of the central QD. For an electron coupled to a heat 
bath reservoir (phonons), the Hamiltonian is 

H ^2eiafai+ - ^ Ujafaj ; + h.c 
i \ ij 

+hM LO b + b + A a t a i ( b+ + b ) • (!) 

i 

The first term describes the on-site ground state for 
the five QDs. The electron's injection to the ground 
state is 15 times faster than the injection to the ex- 
cited state. In such systems, where the energy separa- 
tion is 44 meV, the relaxation takes 20 (40) ps at 300 
(100) K [24J. Thus, based on the detailed balance condi- 
tion, = exp ^— jf^p ^ , excitation through phonon 
assistance will take much longer time. Consequently, ex- 
cited states can be neglected. The second term, which is 
based on the tight-binding model, describes the hopping 
of the electron between the QDs, where t^ is a 3-D hop- 
ping integral. In this model, we calculate all ten hopping 
integrals. Based on the electron-pocket configuration, 
£24 is larger than £23 an d £34. This is however impossi- 
ble to achieve in a similar configuration without electron 
pocket. The third term describes a non-dispersive LO 
phonon of GaAs. The fourth term describes the interac- 
tion between the electron and LO phonons with coupling 
strength A. Based on experimental and theoretical works 
[251126] . the strength of the ELOPI (g = X/hu LO ) in QDs, 
based on their geometry and size, is in the range of 0.5- 
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1.25. We take g = 1.0. However, the final results will not 
be affected by the value of g. Note that the QDs' ground 
states will be renormalized, based on the value of g, to 
E g = Eg — A 2 /fk^LO The validation of the Hamiltonian 
depends on the following criteria; in this configuration 
there must be no electrons in the CB. This is calculated 
in the standard way as follows 

oo 

n= J D (E) f (E) dE. (2) 
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Figure 4: The electron's time-dependent probability distribu- 
tion among the five QDs at room temperature. 

Since the configuration has a large length-to-width ra- 
tio, D (E) is approximated by the density of states of 
a ID NW. Doping (type and concentration) along with 
temperature are taken into account through the Fermi- 
Dirac function f FD (E). We observe that irrespective of 
the electric state of the configuration (on/off), on aver- 
age there are virtually no electrons in the whole config- 
uration. Consequently, when the SES is triggered and a 
single electron is emitted, the aforementioned Hamilto- 
nian is a valid description for this single electron. Never- 
theless, this Hamiltonian does not describe the coupling 
between both the n-doped or p-doped regions (quasi- 
continuum) and QDs #1 and #5, respectively. This 
coupling is well described by the Fermi's golden rule for 
transition rates as follows 

W ^f = ^ 2 ^Y,\mm 2 f FD {E l ){i-f D {E f )} 

xS(Ef-Ei-eAV) (3) 

where i and f stand for initial and final states respec- 
tively. The factor of 2 refers to the spin degeneracy. The 
hopping integral in Eq. (3) is much smaller than t\2 and 
£45 . This confirms that we have a weak coupling between 
the outer QDs and the leads. Thus a standard formal- 
ism appropriate for the description of such a system is 
the generalized master equation in the Born and Markov 
approximation [27 \ 

d t Pm,n ^ [P, H] mjn + (5 m , n ^ PnWmj ~ J m ,nPm,n (4) 



where 7 m , n = \Y,i (Wi,n + Wj >m ) + ^ is the total de- 
coherence which includes the dephasing time T 2 due to 
electron-phonon (both acoustic and optical, and both 
elastic and inelastic) interaction and the rates W m j of 
transition between the leads and the outer QDs. Eq. (4) 
is valid when the correlation time in the heat bath is 
much smaller than the relaxation time of the electron 
system. A rough estimate for the correlation time is 
k%r~(l- 3.5) x 10~ 14 s for T = 100 K - 300 K respec- 
tively, which is much smaller than the electron relaxation 
time, in such systems, ~ 10 -12 s. The dephasing time 
T 2 , based on temperature, is determined through the ho- 
mogeneous broadening IhjTi [28J [29] . At room temper- 
ature, the dephasing times are of the order of 200-300 
fs [281130!. We choose T 2 = 285 fs at 300 K because 
there is no carrier-carrier interaction. At T = 100 K, the 
dephasing time is 2 ps [28-30J. It is worth to mention 
that we ignore the change in band gap due to the lattice 
constant mismatch between GaAs and In As. However, 
this does not affect the final results. In addition, we dis- 
regard any electron-hole interaction until the electron is 
trapped. For calculating the ground state of QD #5 the 
doping is taken into account through the Schrodinger- 
Poisson equation. As a result, the ground state of QD 
#5 will be E g = Eg — h ^ LO + A, where A is the increase 
in the ground energy of QD #5 (few meV) due to doping. 
The change in wavefunction of QD #5 is negligibly small. 
Based on this model, there is a ground electron-phonon 
state with zero phonon |g,0) in each QD. 

Results and discussion. In the numerical calcula- 
tions using Eq. (4) the trace of the density matrix is 
equal to one for all times. This assures that the particle 
conservation principle is not broken. Moreover, it implies 
that the Hamiltonian is hermitian. In Fig. 3, at t = 0, 
p gg = 1, hence there is no electron in the configuration. 
In addition, when there is no decoherence, the probabil- 
ity of the electron to get trapped in the central QD is 
58%. On the other hand, when decoherence comes into 
action, the electron's trapping probability does increase 
to 67% - 83% depending on the temperature (see Fig. 3 
and 4). The probability of the electron's trapping at dif- 
ferent temperatures and their corresponding dephasing 
times are shown in Table [H 



Temperature [K] 


Dephasing time T2 [21] 


Electron trap [%] 


100 


2 ps 


83 


150 


667 fs 


77 


200 


500 fs 


74 


250 


334 fs 


70 


300 


285 fs 


67 



Table I: Probability of electron being trapped in the central 
QD at various temperatures between 100 K and 300 K. 

Although as the dephasing rate increases the trap- 
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ping probability decreases, it is larger than the "ZERO- 
DECOHERENCE" case. Many factors contributed to 
this counter-intuitive result. First, the p-doped region 
has to be connected through a battery to the n-doped 
(see Fig. 1). Otherwise, this will be a regular NW and 
the electron will keep hopping from the n-doped to the 
p-doped without any chance of getting trapped in any 
of the QDs. Second factor is the electron pocket, which 
is essential for the electron to get accumulated in the 
central QD. Another crucial factor is the fast electron in- 
jection from the n-doped region to QD #1 and from QD 
#5 to the p-doped region. The electron's transition rate 
(Eq. (3)) from the n-doped to the first QD's ground state 
W n ^ig has to be almost 100 times larger than W\ g ^ n . 
W n ^i g is 1.5 x 10 14 s~ x as well as W$ g -> p . This fast 
injection is achieved through two factors: the density of 
states of the NW and the n-doping of the outer lead. 
The electron's transition rate W$ g ^ p has to be almost 
100 times larger than W p ^ g . Another contributing fac- 
tor is the QDs' eigenenergies relative to each other, i.e. if 
any of the QD's energy level is modified, without adjust- 
ing the other QDs' eigenenergies, the trapping efficiency 
will decrease. Furthermore, the central QD's eigenen- 
ergy is the lowest among all QDs. Based on the geome- 
try and the dimensions of the QDs, the energy difference 
between the central QD's eigenenergy and the neighbor 
QDs' eigenenergies is almost 110 meV. This means the 
trapped electron needs to absorb three LO phonons in 
addition to LA phonon to be able to escape. Even with a 
strong ELOPI, this process takes more than 1 ns. Thus, 
our scheme provides an efficient trapping mechanism. 

Conclusion. We propose a realistic configuration to 
trap an electron at high temperature (100 K - 300 K) us- 
ing decoherence in an electron-pocket configuration. The 
trapping is achieved in less than 2 ps with a probability 
P33 depending on the temperature. At T = 100 K, 200 K, 
300 K the trapping probability is pss = 83%, pss — 74%, 
P33 = 67%, respectively. Our model can be used to imple- 
ment an efficient electrically driven single photon source 
operating at wavelengths A = 1.3 — 1.5 fim and between 
100 K and 300 K. 
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